Quant um Theory of Measurenent: The Infinite Regress

How t hen does quantum theory describe the excitation of an atom by
light? W might want to use this process to detect the |ocation of a
phot on (by observed which atom get excited).

W imagine an atom initially in the ground state that interacts with
li ght.

VWhat we find is that, rather than telling us about this transition,
t he Schrodi nger equation nmerely predicts that atomwent into a
superposition state of being in both states.

|at0m> = agd‘ atOrnground> + aex| atorn@(cited>

The theory predicts that the coefficients(whose absol ute squares
represent transition probabilities) oscillate in tinme between 0 and 1
such that their sumalways equals 1. This is all the theory has to
say.

What is remarkable here is that a nunber of things have been left out
of the discussion. For instance, if the atom began in the ground
state and ended up in an excited state, it nmust have nmad a transition
between the two. But nowhere does the theory nention this transition.
You mght think that the transition occurs when the probability of
being in the excited state reaches 1. But this is not so: the
transition has a perfectly finite chance of having occurred | ong
before this tine. Indeed, it could have occurred at any tine at all,
other than t=0. The theory is sinply silent on this issue.

Furthernore, the transition is a vitally inportant event. After all,
it is presumably the cause of the coll apse process, or at |east,
strongly connected to it. But here too the theory is silent: you wll
have noticed that nowhere in this discussion have we even nentioned
this collapse. It sinply lies outside the range of issues treated by
t he Schrodi nger equati on.

We concl ude that the coll apse process occupi es an anonal ous position
Wi t hin quantum nechanics. It is required by the fact that
observations occur, but it is not predicted by the quantumtheory.
That is why we had to add it as a postul ate.

Before we go on, a caveat IS necessary.

Some physicists hold the view that the state vector or wave function
has no physical neaning at all. Rather then hold that the state
vector shoul d be understood as descri bing our information about a
system In this view the coll apse process has no particul ar
significance. Consider in this connection the question of whether it
wll rain at noon tonorrow. The weat her bureau m ght predict that,
say, there is a 30% chance of rain on the foll ow ng day. Suppose we
the wait until noon arrives, go outside and |look. In the instant we
becone aware of the weather, the 30% probability "collapses" - to
100%if we find it to be raining, and to 0% if we find that it is
not. No one is surprised by such behavior.

On the other hand, we should note that the large magjority of
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physi ci sts regard any change in the state vector as corresponding to
a real physical process, as opposed to a change in our know edge of
t hat process.

So the Schrodi nger equation does not describe the coll apse of wave
function caused by a neasurenent.

W then ask what does Schrodi nger equation describe?

We find an astonishing result: according to Schrodi nger equation
nmeasur ement s never happen

Rat her, what happens is infinite regress or a quantum Zeno effect.

In the preceding discussion we tried to neasure the |ocation of a

phot on by observing the transition of an atomto nan excited state.

What we found was that, rather than telling us about this transition,

t he Schrodi nger equation nmerely predicted that the atomwent into a

superposition state.

The configuration we anal yzed was a single atomin presence of a

photon. But the configuration we should analyze is an entire

collection of atoms —all atonms in the entire apparatus —together

wi t h phot on.

To deal with this problemwe need to wite down a factor describing

state of first atom a second factor describing state of the second

atom and so on until we have covered every atomin apparatus —and

then a final factor describing the photon.

| f Schrodinger equation is applied to problem it predicts a conpl ex
state.

The first termof this state consists of

« a factor describing atom#1 in superposition state

« factors describing all the other atons in ground state
« a factor describing the photon at the | ocation of atom #1
Simlarly, the second termis

« a factor describing atom#2 in superposition state

« factors describing all the other atons in ground state
« factor describing the photon at |ocation of atom #2
and so forth.

Clearly, final state is an conpl ex entangl enent.

It is exceedingly difficult to work wth.

So, for purposes of clarity, let us consider an even sinpler problem
—of nmeasuring, not a photon's location, but its energy.
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The advantage is that it allows us to work with detector that does
consi st of single atom as opposed to apparatus that consists of
many.

In fact, we consider an even sinpler problem- a nmeasurenent whose
sole function is to tell us whether a photon's energy is large or
smal | .

The detection process is an excitation of a particular sort: an
ioni zation where an electron is renoved fromthe atom

| f the photon has high energy, the atomw || be ionized by it; but if
the photon's energy is low, the atomw || not.

What does Schrodi nger equation predict if it is applied to this
problenf? It predicts that

|SyStern> = a‘ phOtonlaw—energy>| atornweutral> + b‘ phOtonhigh—energy>|atomonized>

where a and b are coefficients which give the probability anplitudes
for each conponent.

This just expands the original superposition state.

All the dissatisfaction that we had with the earlier state applies as
well to new result.

W set out to perform a neasurenent of photon's energy - but rather
than doing this, the Schrodi nger equation has inforned us that a
pecul i ar new state has devel oped, a state for which there is no

cl assi cal anal ogue, and which seens to have nothing to do with a
nmeasur enent .

But we need not stop here.

We coul d determ ne the photon's energy if we could find out whether
the atomwas ionized or not. So let us turn our attention to this
pr obl em

An ionized atom possesses a net electric charge, and the charges
respond to electric fields. So perhaps we can neasure the photon's
energy by applying an electric field to the atom and seeing what it
does. |If the photon had high energy, the atomw || be deflected by
field; if it had | ow energy, the atomw | go straight.

What does the Schrodi nger equation predict?

Per haps you will not be surprised to |learn that Schrodi nger equation
does not predict anything that we mght interpret as a cl ean
measur enent .

Rather it predicts a yet |arger entangl enent —not an entangl enment of
two factors, but of three:

|SySte|’n> = a‘ phOtonlow—energy>| atornweutral >‘aton.gtrajght> + b‘ phOtonhigh—energy>|atomonized>‘ atorndeﬂects>

To determ ne whether the atom was deflected by the electric field, we
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can place a detector of atons in undeflected beam If this detector
catches an atom the photon had | ow energy; and if it does not, the
atom had hi gh energy. But, here too, all that develops is a yet

| ar ger ent angl enent:

|SyStern> = a‘ phOtonlow—mergy>|atornneutral >‘atornslraight>‘det eCtorcatch&satom>

+ [ PO, gy )| ALOM )| ALOMy g, | et ector,

doesnot catchatom >

The further we go into our analysis, the |arger the entangl enent
grows. But, at no point does a neasurenent (coll apse) occur.

Rat her, what occurs is an infinite regress.
Term nation of the Infinite Regress: The Projection Postul ate
What woul d constitute a neasurenent of photon's energy?

Notice that in very last step of our analysis, an inportant
transformati on has occurred - we have included a macroscopic
measuri ng devi ce.

The puzzle presented to us by the quantum theory of neasurenent is
that this device is predicted to be in an anbi guous state - a
super posi tion.

But in reality, we know perfectly well that, if it is working
correctly, a detector never behaves in such an obscure fashion.

It either detects the atom or detects its absence.

In order to nake this happen, in order to performa neasurenent, we
need to termnate the infinite regress at sone stage, and repl ace the
entangl enent by a single term

But this cannot be done by the Schrodi nger equati on.

It seens necessary, therefore, to divide tinme evolution of quantum
systeminto two distinct parts. The first part lasts fromthe instant
the quantum state is prepared until the nonent just prior to the act
of measurenent.

During this period of tine, the systemevolves in a precisely
speci fi ed manner according to tine-dependent Schrodi nger equation, in
whi ch forces acting on the system are included through potenti al
energy function V(r):

p—2+V(r')

. il o tin
() =e""y(0) =e ) [v(0))
The result is an ever-increasing entangl ement.
But act of neasurenent stands in sharp contrast to this orderly tinme
devel opment. No potential energy function and no energy operator

exi sts for nmeasurenent, no equation anal ogous to Schrodi nger equation
describes its evolution in tinme.
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W thin orthodox gquantum nechani cs, neasurenent appears as an acausal
process that, in a very real sense, seens to fall outside the theory.

Mat hemat i ci an von Neumann descri bed probl emthoroughly in classic
text Mat hemati cal Foundati ons of Quantum Mechanics. From himwe have
i nherited an ad hoc mat hemati cal device to get around probl em of
infinite regress.

In place of the dynam cal state, von Neumann descri bed the projection
post ul at e.

This is the postul ate that, when a neasurenent occurs, entanglenent
is replaced by a single term

The wave function of quantum systemis "projected onto" the various
possibilities provided by detector, with a probability of projection
gi ven by square of the coefficient nmultiplying each of the terns of
t he ent angl enent .

In context of exanple we have been considering, the projection

postul ate is that, at noment of neasurenent, state is coll apsed
either onto

2

| PhOtON,,_crerg, | ALOM )| BLOMY g | X ECLOT o)~ Wi th prObabi ity [al

or onto

det eCtOr e cacnaiom) Wi LN probabi Lty [of

‘ phOtonhigh—energy>| atomonized >‘ atorndeﬂ ects>

Notice that, in both states, detector is left in a perfectly
wel | -defined state - and this is just what we nean by a nmeasurenent.

W enphasi ze that the projection postulate is nothing nore than a
mat hemati cal statenent of our postulate of the collapse of wave
function.

We al so enphasi ze that projection postul ate does not correspond to a
real, physical process. Rather it is a purely mathematical procedure,
whi ch gets us fromthe causal |anguage of quantum nmechanics to the
experinmental probabilities in a way that agrees w th experinent.

In so doing, as Heisenberg put it, what was probabl e becones actual

But how does this occur? The answer is the subject of nuch
contenti on.

The projection postulate presents us with a distasteful state of
affairs. One dissatisfying feature is that we do not understand how
t he projection cones about. But a further dissatisfying elenment is
that sonetines the postulate is not needed.

In certain situations, the postulate is required in order to nmake a
measurenent, but in other situations it is not!

W will illustrate this point by returning to our above analysis of a
phot on whose energy can be either quite large or quite small.
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W will discuss three situations.

In the first two, a neasurenent will occur quite naturally, wthin
the framework of orderly evol ution described by Schrodi nger equati on.
Only in the third will Schrodi nger equation prove to be insufficient,
and the col |l apse postulate will be required.

How i s such a photon produced?

It is produced by decay of an atom whose energy-|level diagramis

simlar to that illustrated bel ow
3
2

high energy

photon
low energy
photon

1

The decay of such an atomfromlevel 2 to level 1 produces a photon
of |low energy; that from3 to 1 produces one of high energy. In case
1 we prepare a single atomin a well-defined state - either |evel 2
or level 3. Decay of this atom produces our photon. Via a series of
experinments we have outlined above, its energy can be determned. If
photon's energy is |low, one state describes the final state; if it is
hi gh, other state does it.

This is very like a classical situation, in which the outcone of a
nmeasurenment stands in direct correspondence with state of system
prior to neasurenent. The initial state may not be known to us

bef or ehand, but outcone of neasurenent reveals it to us. And finally,
notice that at no stage have we been forced to invoke the projection
postul ate - the neasurenent has been effected solely as the result of
t he ti me-dependent Schrodi nger equati on.

In case 2 , we prepare a collection of such atons, sone in |evel 2
and sonme in |evel 3. Suppose for the sake of argument that 10% are in
2 and 90%in 3.

Such a collection is, of course, sinply the mxture we have al ready
encountered. Once again, we nmeasure emtted photons, allow ng
sufficient tinme for entire ensenble of atons to decay. Since each

i ndi vidual atomis described as in the previous case, the result of
each neasurenent is perfectly straightforward, and once again the
projection postulate is not required.

W w il not be able to predict in advance which energy each
particul ar photon will have, but this is no cause for concern. W
sinmply do not have sufficient information - even in the classical
universe, it is seldompossible to predict an event with this kind of
certainty. But we do know that we will find 10% of the decay photons
to be of | ow energy and 90% of high energy. Results like this lend
support to our conventional understanding of reality as having an
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i ndependent exi stence and wel | -defined attributes, regardl ess of the
act of measurenent.

Notice that, in both cases 1 and 2, the initial state of the atom or
atons corresponds directly to one of eigenstates of detection
apparatus - a state where the detection apparatus has a definite
value. As long as this is true, measurenent in quantum nechanics does
not contradict our naive view of reality.

However, as we have seen tine and tine again, the special feature of
guantum nechanics is that it allows states other than sinple

ei genst at es.

The situation changes dramatically if we consider them

In case 3, we prepare a collection of atons, each one of which is in
a superposition state given by

|9) = m‘ atom; o, 2> + \m‘ atom . 3>

When such a state decays, the emtted photon is in a superposition
state of its own:

| photon) = /0.1 photon,, ) + v/0.9| photony, )

If we now seek to neasure the energy of this photon, the infinite
regress encountered earlier will result - an infinite regress that
can only be term nated by invoking the projection postul ate.

Here lies the nub of the problem

In case 3, the outcome of series of nmeasurenments we performwl| be
identical to that produced in case 2:

10% of photons will turn out to be of |ow energy
and
90% of hi gh energy

In this case, however, we have no theoretical understandi ng of how
t he measurenments cane about.

Furthernore, what is it that distinguishes the pathol ogical case 3
fromthe well-behaved cases 1 and 2? Only the choice of what initial
state to be studi ed!

Those that happen to coincide with eigenstates of our neasuring
apparatus will not require the extra projection postul ate.

Finally, notice that nmeasuring devices exist whose eigenstates are
not those of energy, but correspond to nore conpl ex superpositions of
energy eigenstates —and if we substitute these devices for our

previ ous ones, the need for projection postulate will evaporate.

Surely this is a nost unsatisfactory state of affairs!
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